Background. We tested the hypothesis that action potential duration (APD) restitution of normal ventricular muscle cells is different during double premature stimuli (S3) compared with a single premature stimulus (S2). We propose a possible ionic mechanism for such a difference.
T he action potential duration (APD) of ventricular myocardial cells is determined by 1) the basic steady-state APD (SJ), 2) the preceding diastolic interval (DI), and 3) the kinetics of APD restitution.12 For a given DI, the duration of the action potential (AP) is determined primarily by the kinetics of the APD restitution curve. Thus, the APD restitution curve can provide a quantitative description of the degree of variation of APD at a given site for a given range of DIs (temporal dispersion).3'4 Because in-creased spatial dispersion of repolarization could result from differences in the APD5 (a phenomenon known to facilitate reentry),5-7 the purpose of the present study was to test the hypothesis that the kinetics of APD restitution of a second premature stimulus (S3) are associated with greater dispersion of APD than a single premature stimulus (S2) in normal ventricular muscle cells (i.e., at a given range of DIs, greater variations occur in APD during the restitution of S3 than during the restitution of S2). Experimental studies in dogs,8'9 rabbits,10 cats,'1 sheep,12 and humans13 have shown that the APD restitution curve of S2 manifests an early biphasic hump at short DIs. These studies have also shown that ventricular muscle cells manifest a paradoxical increase in their plateau height and their plateau duration at short DIs ("supernormal" action potentials) that is not seen in Purkinje fibers. This behavior could account for the development of the early biphasic hump in the APD restitution curve seen in ventricular muscle cells. [8] [9] [10] [11] [12] Because the force of contraction associated with supernormal APs (i.e., S2) is substantially diminished in 956 Circulation Vol 86, No 3 September 1992 amplitude,'4,15 these findings suggest an important regulatory role for intracellular calcium ion concentration ([Ca'+]1) in the APD restitution of S2 because the force of contraction is directly related to total [Ca 2+] at various cellular sites.16 '7 Conversely, the force of contraction during S3 iS substantially increased by the phenomenon of postextrasystolic potentiation, 16'18 which may be associated with elimination of the supernormal AP. 14, 15 However, the effects of an increased force of contraction, i.e., an elevated [Ca'+]j, on APD restitution remains undefined. Consequently, the second purpose of this study was to test the hypothesis that modification of contractile force, and hence [Ca 2]i, by pharmacological agents may exert a strong influence on the APD restitution kinetics of S2 and S3.
The results of the present study indicate that the APD restitution of S3 is substantially different from that of S2. A given range of DI is associated with greater dispersion of APD during the restitution of S3 than during S2. This difference in repolarization kinetics is brought about primarily by cyclic variations in [Ca2] , that may be caused by larger calcium-sensitive outward currents during S3 than during S2 at short DIs.
Methods
Thirty adult mongrel dogs of either sex (weight, [15] [16] [17] [18] [19] [20] kg) were anesthetized with sodium pentobarbital (30-35 mg/kg i.v.). The hearts were rapidly removed through a left thoracotomy and immediately immersed in cooled, oxygenated Tyrode's solution. Thin endocardial ventricular trabeculae (2 x2 x 10 mm) were excised from the right ventricular base and were mounted in a tissue bath. One end of the preparation was fixed with rigid pins to the waxed floor of the tissue bath, and the other end of the muscle was secured to a tension transducer (Kulite Semiconductor Products, Inc., Ridgefield, N.J.) by a short length (5 mm) of 6-0 surgical silk thread. 19 Each muscle strip was superfused at a constant rate of 8 ml/min with normal Tyrode's solution saturated with a 95% oxygen/5% carbon dioxide gas mixture. The composition of the Tyrode's solution (in millimoles per liter) was NaCl, 135; KCI, 4.5; NaH2PO4, 1.8; CaCl2, 2.7; MgCl2, 0.5; dextrose, 5.5; and NaHCO3, 12 in triple-distilled, deionized water. The temperature of the tissue bath was maintained at 36.5±0.5°C and the pH at 7.4±0.1. Transmembrane APs were recorded through machine-pulled, glass capillary electrodes filled with 3 M KCl with a tip resistance of 15-30 MQ1. The electrode was coupled by silversilver chloride wire leading to amplifiers with high-input impedance and variable capacity neutralization (Am-2 and ME-3221, Biodyne Electronics Laboratory).20 Electric stimuli of 2-msec duration and twice diastolic current threshold were delivered through Teflon-coated (except at their tips), bipolar silver electrodes with a custom-made constant-current generator. Stimulating electrodes were positioned at the tip of the muscle preparations, 1-2 mm away from the recording microelectrode. The muscle strips were driven regularly at a basic cycle length of 1,500 msec for at least 2 hours before the experiments were begun to allow equilibration. Only recordings that remained stable during the entire period of the experiment were included in the final analysis. Recordings that were unstable (primarily because of microelectrode dislodgment) were rejected and were not included in the final data analysis. S2 and S3 premature stimuli were delivered with twice diastolic current threshold in each muscle preparation during regular pacing at 1,500 msec (n=35) and at 500 msec (n=5). In each muscle preparation, extrastimuli were applied after 10 regularly driven beats (S). A steady-state APD was reached after 5 or 6 driven beats in all muscle preparations. After the effective refractory period (ERP) was determined during both basic cycle lengths (BCL) of stimulation, the S1S2 interval was progressively increased by 20-msec increments up to 500 msec and then by 100-msec increments up to 1,500 msec. For S3 measurements, S2 was fixed 50 msec outside the ERP of the basic drive (S). After the ERP of S2 was determined, S3 scanned the entire DI as was done with S2. In Diastolic Interval (msec) FIGURE 1. Panel A: Graph showing simultaneous transmembrane subendocardial ventricular muscle cell action potential (AP) and isometric tension recorded from a representative canine endocardial preparation showing the methods used to measure various AP and tension (peak force) parameters. Arrows labeled S, and S2 show the stimulus of the last basic drive and the premature stimulus, respectively. DI, diastolic interval; APD1O< and APD30, action potential duration for 100% and 30% repolarization, respectively. Panel B: Schematic illustration of various parameters (a-d, inset) of APD restitution curve used for analysis in the present study. See text for further discussion. DI corresponding to an AP was measured from its upstroke to the intersection point of the tangent line of phase 3 with the maximum diastolic potential of the previous AP ( Figure 1A ). We also measured AP plateau height, i.e., the maximum voltage amplitude above zero potential during the plateau phase, and constructed its restitution time course by plotting plateau amplitude against DI for both S2 and S3. Finally, the tension restitution curves were constructed by plotting the ratio of the peak developed force of S2 and S3 to that of the basic drive (S1) against the DI. A schematic explanation for AP and tension parameters is shown in Figure 1A .
Drug Superfusion
The following four pharmacological agents were used to gain insight into the ionic mechanism(s) that may regulate the shape of the APD restitution curves of S2 and S3: 1) caffeine (Sigma) at 2 mM (n=5), an agent that enhances the release of calcium from the sarcoplasmic reticulum (SR) and prevents its uptake by the SR17,21-23; 2) ryanodine (Polyscience Inc.) at 10 ,uM (n=5), a prototype agent that inhibits release of calcium from the SR during depolarization and accelerates calcium depletion from the SR during rest.16417,21,22 Both of these A 55 first two agents prevent cyclic variations of [Ca2"]j, as confirmed by the calcium-sensitive photoprotein aequorin.16"7 The effects of caffeine and ryanodine were evaluated 40 and 60 minutes after superfusion, respectively; 3) nisoldipine (Miles Laboratories) at 2 gM and 5 gM (n=5), a selective calcium channel blocker24-26; and 4) BAY K 8644 (Miles Laboratories) at 100 nM (n =5), a specific and direct calcium channel agonist.24'26 Both nisoldipine and BAY K 8644 were dissolved in polyethylene glycol 400 to make a concentrated stock solution of 10 mM, and their effects were evaluated 40 minutes after superfusion. An aliquot of stock solution was diluted in normal Tyrode's solution to obtain the final working concentrations. The solvent in the concentrations used has been shown to have no effect on either the shape or the duration of canine ventricular APs. 24 The experiments during nisoldipine and BAY K 8644 superfusion were conducted in darkness because of their light sensitiveness.
Characterization ofAPD Restitution Curve Properties
We used the APD restitution curve properties as a quantitative index of dispersion of APD at a given site. 34 the restitution of S2 made the application of single or double exponential curve fitting impractical. Instead, we used the following end points to describe the APD restitution characteristics quantitatively ( Figure 1B ): 1) the amplitude of the APD restitution curve, defined as the ratio of total APD change during restitution to the maximum attainable APD (APD plateau, i.e., APD at approximately 800-1,300 msec of DI); and 2) dispersion (100 msec), defined as the maximum attainable APD change on the restitution curve during the initial 100 msec of DI. The initial 100 msec of DI was chosen for quantitative description of dispersion because most of the APD restitution (lengthening) occurred during this initial 100 msec of DI. We therefore felt that this value could effectively serve the purpose of quantifying the degree of temporal dispersion. A schematic description of these restitution parameters is shown in Figure 1B .
Statistical Analysis Paired t tests were used to test for differences in the various parameters of APD restitution and force of contraction between S2 and S3. The same methodology was also used to test for differences between the control and each of the four pharmacological agents except nisoldipine. Because two different concentrations of nisoldipine were used in the same preparations, a repeated-measures ANOVA was used to analyze the nisoldipine data. Because of the large number of tests applied to a relatively small sample size, it was felt appropriate to choose the a level of significance to be 0.01 and to use two-tailed tests for comparison.27 The statistical analyses were done with Statistical Analysis System (SAS) software (SAS Institute Inc., Cary, N.C.) and Biomedical Data Package (BMDP) statistical software (University of California Press, Berkeley, Calif.). Results
AP Properties of Ventricular Muscle Cells
The mean transmembrane AP properties of a total of 35 endocardial ventricular muscle cells used in the present study were as follows: APD1OO, 213±9 msec; APD30, 127±7 msec; APD30/APD10o, 0.60±0.03; Vma, 200±15 V/sec; maximum resting membrane potential, -82±2 mV; AP plateau height, 16±2 mV. ERP of S1, S2, and S3
The ERP of S, was defined as the longest S1S2 interval at which S2 fails to elicit an AP. Similarly, the ERP of S2 was defined as the longest S2S3 interval at which S3 fails to elicit an AP and the ERP of S3 as the longest S3S4 interval when S4 failed to elicit a response. The control ERP values were as follows: the ERP of S, was 213± 10 msec (n=35); the ERP of S2 was 195+12 msec (n=35); and the ERP of S3 was 167±13 msec (n=23). The S,, S2, and S3 ERP values were all significantly different from each other (p<0.001).
Restitution ofAPD, AP Plateau Height, and Tension During S2 Figure 2A shows a representative recording of simultaneous APs and isometric force of contraction during the application of S2 at a BCL of 1,500 msec. At the shortest DI, APDs at both 30% and 100% repolarization are slightly shortened. However, as DI progres- curves are plotted as the ratio of the peak force developed during S2 and S3, respectively, to that of S,. sively increases, the APDs lengthen at both levels of repolarization and then dip to a lower value. This early biphasic change in APD occurs during the initial 100 msec of DI (APD10: 172 msec, 198 msec, then 188 msec; APD30: 116 msec, 130 msec, then 120 msec) and is clearly seen on the APD restitution curves (Figure 3 ). The steady-state APD value was 202 msec. The dispersion value in this cell was 198-172=26 msec, with a restitution amplitude of 202 msec-172 msec/202 msec=0.149. Similarly, during the initial 100 msec of DI, the plateau height of S2 also shows a simultaneous biphasic change in amplitude (Figures 2A and 3 ). The isometric contraction of S2 during the initial 100 msec of the DI was barely detectable (about 10% of that of Si); it then grew monotonically to a steady level equal to that of S,, as DI was progressively increased (Figures 2A and   3 ). Similar observations were made in a total of 35 ventricular muscle fibers. Table 1 summarizes the results of these findings.
Restitution ofAPD, AP Plateau Height, and Tension During S3 Figure 2B shows simultaneous recordings of APs and isometric tension during the application of S3 with S2 fixed 50 msec outside the ERP of S, at a BCL of 1,500 msec. At short DIs, APDs of S3 were consistently shorter than those of S2 at both 30% and 100% repolarization, primarily because of faster repolarization. APDs increased monotonically in duration at longer DIs. Unlike S2, the APD restitution curves of S3 were approximated well by an exponential curve for both 30% and 100% repolarization ( change during the initial 100 msec of DI; peak force, represented as the ratio of premature peak tension (S2 and S3) to basic peak tension (S,). *p<O.OOOl; tp<0.001. sion value was 178 msec-140 msec=38 msec, and the restitution amplitude was 203 msec-140 msec/203 msec=0.310. The S3 AP plateau height was reduced at short DIs compared with that of S2 and remained lower even at higher DIs (Figures 2B and 3 ). In contrast, peak tension was higher with S3 than with S2 over the entire range of DIs tested. During the initial 100 msec of the DI, the peak tension of S3 was higher than that of Sl, except at DIs shorter than 20 msec, whereas S2 remained at a significantly lower peak for the entire initial 100 msec of DIs (Figures 2B and 3) . Similar observations were made in a total of 35 preparations. Table 1 summarizes these results. Figure 4 shows summary plots of APD versus DI (top panel) during the restitution of S2 and S3 from a total of 35 experiments (numerical data are shown in Table 1 ). The difference in the APD restitution of S2 and S3 occurs specifically at short DIs (<200 msec), resulting in greater values of the APD restitution parameters of S3 than those of S2. The plot of peak tension ratios against muscle cells. Tension is plotted as in Figure 3 . The vertical bars indicate 1 SD. Plateau, maxmum attainable APD and peak tension. Plateau values occurred at diastolic intervals of 800-1,300 msec. the corresponding DIs (Figure 4 , bottom panel) reveals that whereas the peak tension ratio of S2 is lower (10-30% of that of S,) at short DIs (<100 msec), the peak tension ratio of S3 is significantly higher (30-140% of that of S,).
Differential properties of the restitution of APD, AP plateau height, and tension during S2 and S3 were also seen during pacing at a BCL of 500 msec. Table 2 summarizes the results of our findings in five ventricular muscle cells. Although the total change in APD and the dispersion values of S2 and S3 were shorter during pacing at a BCL of 500 msec than those during pacing at a BCL of 1,500 msec (because of shorter basic APD during 500 msec of BCL), the amplitudes of APD restitution of both S2 and S3 were similar. Moreover, the differences in these parameters between S2 and S3 were similar during pacing at BCLs of 1,500 and 500 msec.
These findings show that the difference in APD restitution of S2 and S3 at short DIs is primarily a result of the presence of an enhanced AP plateau duration of S2 that is not present with S3. As a consequence, S3 iS associated with significantly greater temporal dispersion than S2 at short DIs (Table 1 ). In the next phase of the study, we investigated possible cellular-ionic mechanisms for the differential repolarization properties of S2 and S3 using specific pharmacological probes.
Effect of Pharmacological Probes on Restitution of APD, AP Plateau Height, and Tension of S2 and S3
The dramatic differences in peak tension between S2 and S3 strongly suggest that the APD restitution of S3 occurs during higher [Ca2+]i than S2 restitution (Figures Table 1 ). It has been shown that peak tension is linearly correlated with peak total [Ca21]i as measured with the calcium-sensitive photoprotein aequorin.'6 '7 These studies, done in ventricular muscle cells, also showed that a sudden shortening of the pacing cycle length causes simultaneous, in-phase, cyclic variations 
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Effects of Caffeine
Figures 5and 6 show the effects of caffeine (2 mM) on the restitution of APD, AP plateau height, and tension for both S2 and S3 in a representative preparation. In agreement with previous reports on canine ventricular muscle cells,'4,23 caffeine prolonged APD and significantly raised the AP plateau level of S, (Table 3) . Caffeine did not alter the peak tension of S, (Table 5) , but it did prolong the time to peak tension ( Figure 5 ). During the restitution of S2, caffeine eliminated the enhanced AP plateau duration and prevented the early rise in plateau amplitude at short DIs ("supernormal AP") ( Figure 5A ). Caffeine therefore eliminated the early upward hump and biphasic behavior that normally occur during APD restitution of S2 ( Figure 6 ), resulting in a steady monotonic increase in APD as DI was progressively lengthened. The APD restitution of S3 remained relatively unchanged after caffeine superfusion, however. The APD restitution of S2 and S3 became almost indistinguishable during caffeine exposure, except for a small rightward displacement of the APD restitution curve of S3 compared with that of S2. This was because of a shorter attainable coupling interval during S3 compared with S2. AP plateau height was elevated and remained stable at this relatively higher level throughout the entire range of DIs tested for both S2 and S3. Caffeine also eliminated the cyclic variations in peak tension between S,, S2, and S3 ( Figures 5 and 6 ).
Similar findings were obtained in a total of five ventricular muscle fibers. Tables 4 and 5 summarize the effects of caffeine on restitution parameters of APD and tension, respectively. representative ventricular muscle study. Ryanodine caused a significant elevation of the AP plateau of S1, which eliminated phase 1 of the AP and prolonged APD, especially at the plateau level (Table 3 ), in agreement with previous findings.14 During S2, ryanodine also prevented the enhanced duration and amplitude of AP plateau at short DIs ( Figure 7A ) and caused APs of S2 and S3 to have similar configurations at short DIs ( Figure 7B ). The effects of ryanodine on the restitution of APD and AP plateau height during S2 and S3 were similar to the effects of caffeine (Figure 8 ). Ryanodine greatly diminished peak tension, in agree- In each panel, top traces are the recordings during control and lower traces are those during ryanodine. Numbers above each action potential recording indicate the diastolic interval, and within each action potential tracing are action potential duration for 30% and 100% repolarization, respectively. During S3, S2 was fixed 50 msec outside the effective refractory period of S1. The two vertical bars represent the voltage and tension scales. ment with previous reports,14,16,17 and eliminated cyclic variations of peak tension between SI, S2, and S3 ( Figure  7) . Tables 4 and 5 summarize the results of our five experiments.
Effects of Ryanodine
The results obtained with caffeine and ryanodine indicate that both agents eliminated the difference in APD restitution between S2 and S3 by making the APD restitution of S2 similar to that of S3. This effect was caused primarily by elimination of the enhanced plateau duration and amplitude of S2 at short DIs (supernormal APs) while maintaining a relatively constant S3 morphology. Both agents also eliminated the difference in tension restitution between S2 and S3.
The higher plateau amplitude with a longer-duration S2 at short DIs could also result from an increase in one or more of the sarcolemmal inward depolarizing cur-rents8,9,1or from a decrease in the outward repolarizing currents10 or both. To determine the relative contributions of these possible ionic mechanisms to the increased plateau amplitude and duration of S2 at short DIs (which appear to cause the differences in APD restitution between S2 and S3), sarcolemmal depolarizing ion channel antagonists and an agonist were studied. Figures 9 and 10 show the effects of two different concentrations of nisoldipine, a calcium channel blocker. Nisoldipine at 2 ,uM shortened the APD of S, and caused a depression of the AP plateau height consistent with earlier findings24.25 ( Figure 9B and Table  3 ). Despite a 70% decrease in the peak force of tension of S,, differences in peak tension between S2 and S3 were still present (Figures 9B and lOB and Table 5 ). Similarly, the differences in APD restitution parameters between S2 and S3 were not significantly reduced during 2 ,uM nisoldipine superfusion, although the magnitude of the early upward hump of S2 APD restitution curves was decreased (Figure lOB and Table 4 ). Since nisoldipine at 2 juM is expected to block more than 90% of the inward calcium current (Ica),25 these findings suggest that Ic, may not have an important direct contribution to the differential APD restitution between S2 and S3 and that its effects are probably indirect and mediated via changes in [Ca2]1i. In these same five tissues after the completion of 2 ,M studies, we increased nisoldipine concentration to 5 ,uM and evaluated its effects. Table   4 ). The peak tension of S1, S2, and S3 became negligible (about 10% of control), and the differences in tension restitution between S2 and S3 were eliminated ( Figure  9C and Table 5 ). The 5 ,uM nisoldipine also eliminated the difference in APD restitution between S2 and S3 by making APD restitution curves of S2 similar to those of S3 ( Figure lOC and Table 4 ). The differences in AP height restitution between S2 and S3 were also eliminated. Similar findings were observed in all five ventricular muscle preparations (Tables 3, 4, and 5).
Effects of Nisoldipine
Effects of BAYK 8644
At 100 nM, BAY K 8644 prolonged the APD of S, at 30% repolarization to a greater extent than the APD at 100% repolarization. However, BAY K 8644 had no effect on the AP plateau height ( Table 4 ). The peak tension was approximately doubled by exposure to this agent ( Table 5 ). These findings were consistent with previous observations.24,26 The differences in APD restitution kinetics, as well as the differences in tension restitution kinetics between S2 and S3, remained unchanged during BAY K 8644 superfusion. Tables 3, 4 , and 5 summarize all our findings in a total of five ventricular muscle preparations.
The results of our experiments with nisoldipine and BAY K 8644 indicate that calcium-sensitive outward repolarizing currents may contribute more to the differences in APD restitution kinetics between S2 and S3 than inward depolarizing currents (i.e., Ica), because significant positive (BAY K) and negative (2 ,uM nisoldipine) changes in Ica had little or no effect on the differences il APD restitution kinetics between S2 and S3.
Discussion
The major finding of the present study is the ability of S3 to cause greater variations of APD than S2 at a given site for a given DI. The mechanism of this difference in APD variation during the restitution of S3 may be related to one or more of the calcium-sensitive outward currents, because [Ca21]i appears to be substantially higher during S3 than during S2.
From Temporal to Spatial Dispersion ofAPD
The variation of APD at a given site (temporal dispersion) can have a profound effect on the spatial dispersion of APD, even in a matrix that has initially uniform repolarization restitution kinetics. For example, for a given conduction delay that occurs with the propagation of a premature impulse, the gradient of APD between two sites activated with 100 msec of difference in DI will cause, on the basis of the results of APD restitution curve, a difference of 40-45 msec during S3 and only 20-25 msec during S2. With a greater difference in DI, the gradient of APD during S3 further increases and may reach up to 60 msec. In contrast, similar increases in conduction delay between two different sites during S2 causes an APD gradient that does not exceed 25 msec (Figure 4 ). Although multiple simultaneous recordings are needed to confirm this point, the APD restitution characteristics and activation times at different sites provide an analytic basis for estimation of the degree of APD dispersion. A spatial gradient in APD is associated with a proportionate spatial gradient in the net outward current distribution. Such an orderly gradient in outward current distribution has been shown in computer simulation studies to facilitate the induction of nonstationary double spiral waves (figure-eight reentry).2$29 Experimental mapping studies on the canine epicardial border zone using a large number of epicardial recording electrodes have shown that induction of reentry is facilitated during S3 compared with S2 because of the induction of greater spatial dispersion of refractoriness during S3 compared with S2.7 Clinical studies in humans corroborate these experimental findings. [30] [31] [32] is of interest to note that epinephrine causes a dosedependent increase in the steepness of the monophasic APD restitution curve of in situ swine epicardial muscle cells.33 Because epinephrine facilitates the induction of ventricular arrhythmias, it is tempting to postulate that the increased dispersion of repolarization caused by the steeper APD restitution curve may be a causative factor in some epinephrine-induced ventricular arrhythmias. 33 The importance of the steepness of the slope of the APD restitution curve in the induction of irregular beat-to-beat repolarization dynamics (temporal dispersion) in sheep Purkinje fibers was stressed by Chialvo and associates.34 These authors have shown that an increase in the slope of the APD restitution curve causes irregular (chaotic) dynamics of APD during regular pacing at critical cycle lengths that may cause arrhythmias. 34 Possible Ionic Mechanisms of Differential APD Restitution Curves Between S2 and S3
Differences in tension restitution of ventricular muscle cells between S2 and S3 have been shown to be associated with cyclic variations in [Ca 2+]i mediated by release-uptake mechanism(s) in the SR. As expected, elimination of the cyclic variations of [Ca 2+]i by ryanodine also eliminated the difference in tension restitution between S2 and S3.16 Because [Ca 2+]i has an important regulatory role on sarcolemmal inward IC ,20 on transient outward current ITo,22'35'36 and on the inward rectifier current IK1,37'38 we therefore tested the hypothesis that modifications of [Ca2j]i also eliminate the differences in APD restitution between S2 and S3. As the greater degree of APD shortening during S3 and consequent greater dispersion of APD (temporal and thus spatial) may result either from a decrease in the net inward depolarizing currents or from an increase in the net outward repolarizing current(s) or from both, the potential importance of both possibilities were tested. Substantial block of the two depolarizing inward currents, the Ic (perhaps up to 90% with 2 uM nisoldipine) and the plateau sodium (window) current with tetrodotoxin (data not shown), had negligible effect on the differential APD restitution between S2 and S3. Similarly, the positive modification of Ica by BAY K 8644 did not affect the differences in APD and tension restitution. We conclude from these studies that Ic per se has no direct effect on the difference in APD restitution between S2 and S3. The affect of Ic restitution between S2 and S3 by both caffeine and ryanodine, agents that eliminate cyclic variations of [Ca2+]1,1617 strongly suggests that these differences are caused by cyclic variations in [Ca21]1. Our data therefore suggest that calcium-sensitive outward currents may be responsible for such a difference.
The electrogenic NaCa exchange mechanism does not appear to be involved in the differential APD restitution kinetics of S2 and S3. This is so because the net depolarizing inward current is decreased during low [Ca2"]i (i.e., during S2) and increased during high [Ca2+)1, i.e., during S3.39 These currents would tend to decrease the actual difference in APD restitution between S2 and S3. Therefore, the exchange mechanism will only underestimate the observed differences in APD restitution between S2 and S3 and not cause them.
The delayed rectifier potassium current, IK, could conceivably contribute to APD shortening of S3 because of extracellular potassium ion accumulation.40,41 However, the residual background inactivating I cannot explain the paradoxical increase in AP plateau duration (supernormal AP) during S2 and thus the APD restitution difference between S2 and S3.
Conclusions
The results of the present study show that the APD restitution of S3 is associated with greater dispersion than S2 by a mechanism that involves calcium-sensitive outward currents. Our studies in intact in situ canine ventricles (endocardium) have shown similar restitution kinetics of monophasic APD of S2 and S3 using contact electrode catheter.42 As reentrant arrhythmias in humans may result from APD dispersion, it is possible that the higher incidence of inducible reentrant arrhythmias in humans when two extrastimuli (S3) are used31,32 may be facilitated by such a cellular mechanism. 
